We report a joint experimental and theoretical investigation of the transport gap, optical properties, and electronic structure of two chemically similar, inhomogeneously mixed-valent polyoxovanadate molecule-based magnets. We attribute the substantial gap in [ 
I. INTRODUCTION
PACS number(s): 75.50. Xx, Strong electron correlations, transition metal flexibility, and a rich variety of structural arrangements are at the heart of the novel magnetic, electronic, and catalytic properties of polyoxovanadates. Molecule-based magnets in this family are particularly interesting as the interplay between charge and magnetism, as well as size, shape, and intermolecular distance effects, can be tuned and explored. Among the vanadium-oxygen clusters [NHEt3] [henceforth, V 12(6 : 6)] have attracted attention as mixed valent systems situated at the crossroads between well-coupled materials such as K6[V15As6O42(H2O)] 8H2O (V15 for short) and smaller clusters where the magnetic exchange interaction is rela tively weak. [1] [2] [3] [4] [5] [6] [7] Figure 1(a) shows the molecular structure of the [ v 8X A s 8O40(H2O)]4-cluster anion, the building block of V 12(8:4) . It consists of a V4+ central square capped by slightly distorted, mixed-valent squares, with an effective formal 4.5+ oxidation state.1,5-7 The vanadium squares are bridged by diarsenite (As2O^-) groups, and there is a slight asymmetry to the structure due to the displacement of one of the octahedral vanadium centers toward the encapsulated wa ter molecule.7 The anionic building block of the V 12(6 : 6) material is slightly different [ Fig.1(b) ]. The molecular skel eton of V 12(6 : 6) closely matches that of V 12(8:4) , with only slight variations in bond lengths and angles. The V4+ central square is, however, capped by mixed-valent squares, each containing one V4+ and three V5+ centers. Since all vana dium centers are VO5 in nature and no structural displace ment is observed, the anion is more representative of pseudo-D 4h symmetry than its 8:4 counterpart. The V 12(6 : 6) struc ture is also more "well-packed" than the V 12(8:4) compound due to the larger size of the encapsulated formate anion.1, [5] [6] [7] The magnetic behavior correlates with the geometry and topology of the clusters. 5, 6 The spin gap of V 12(8:4) is 17.6 K .8 The polyoxovandates are different from [Mn12O 12(CH3COO)16(H2O)4] 2CH3COOH • 4H2O, hence forth and [Fe8O2(OH) 12(tacn)6Br8] -9H2O, Fe8Br8 for short,9 in that the total spin per molecule as well as the molecular anisotropy are typically small (or even zero). On the other hand, they share common scientific issues such as the development of magnetostructural correlations,10,11 reconciliation of various experimental and theoretical determinations of the gap, understanding the role of localized and delocalized spin and charge effects, and the microscopic understanding of various conduction pathways. These challenges motivate our cooperative investigation of the transport, optical, and electronic structure properties of the mixed valent V 12(8:4) and V 12(6 : 6) materials and allow direct comparison to similar results in V 15, [12] [13] [14] [15] [16] [17] [18] where all of the vanadium centers have 4+ charge, and the cluster has a spin compensated S = 1 /2 ground state.2-4 Trends between these chemically similar materials are consistent, although the exact value of the gap depends on the nature of the ex perimental probe and its associated length scale. Specifically, we find that the gap in V 12(8:4) is substantially larger than that in V12(6 : 6) and V 15, an effect that can not be explained by molecular distance arguments. The larger value of on-site Coulomb interaction required to account for optical data in V 12(8:4) points toward the importance of local charge inter actions and electron correlation effects for determining mo lecular properties in these mixed valent systems, and the ob served activated transport reflects both individual cluster characteristics as well as the subtle organization of molecular structure. These issues have been of continuing interest in M n12-acetate and Fe8Br8 as well.19-21
II. METHODS

A. Crystal growth
The V 12(8:4) and V15 samples were synthesized follow ing the optimized procedures described in Refs. 7 and 22. The V 12(6 : 6) crystals were synthesized using a novel method employing slightly higher reaction temperatures, shorter reaction times, and slightly lower reagent concen trates than in previously reported work.22 These reaction pa rameters were optimized to yield large and pure crystals of the described compounds. Care was taken to avoid air expo sure since the compounds are slowly oxidized by oxygen.
B. Transport measurements
Direct current (dc) conductivity measurements were made on V 12(8:4) single crystals using methods described previ ously for Fe8Br8, 23 and V 15.13 Both constant current and constant voltage modes were employed, using a conventional four probe technique. A high input impedance (2 X 1014 ohm) electrometer was needed since the samples showed high resistance (~1010ohm) at ambient tempera tures. The current-voltage characteristics were periodically checked to verify ohmic behavior in the temperature range 270 to 330 K. At the lower temperature end the resistance became too high to measure with our apparatus. The samples were coated with polymethylmethacrylate after attaching the electrodes in order to obviate the loss of solvent at tempera tures above 310 K. The coating technique led to reproducible results over at least two temperature cycles, although the V 12(6 : 6) crystals were too small for this technique.
C. Optical measurements
Near normal polarized and unpolarized reflectance mea surements were carried out over a wide frequency range (30-50 000 cm-1; 3.7 meV-6.2 eV) using several different spectrometers including a Bruker 113V Fourier transform in frared spectrometer, a Bruker Equinox 55 Fourier transform infrared system equipped with an infrared microscope, and a Perkin Elmer Lambda-900 grating instrument. The spectral resolution was 2 cm-1 in the far and middle infrared and 3 nm in the near-infrared, visible, and near-ultraviolet. The majority of spectra were collected at 300 K, although se lected low temperature studies complemented this work. The measurements were carried out on freshly grown single crys tals of V 12(8:4) and V 12(6 : 6) as well as pressed powder samples of V12(6 : 6). For the single crystal measurements, we concentrated on the large (110) and (001) faces of V 12(8:4) and V12(6 : 6), respectively. The polarizers/ analyzers (wire grid, film, crystal, as appropriate) were posi tioned to record spectra in the two directions of greatest op tical anisotropy on each face, corresponding to the c and l c directions for V 12(8:4) and the a and l a directions for V 12(6 : 6 ). A Kramers-Kronig analysis was used to calculate the optical conductivity from the measured reflectance, yielding information on the lossy response of the material.24
D. Electronic structure calculations
To calculate the electronic and magnetic intramolecular structure of V 12 we use the atomic sphere approximation (ASA) linear muffin-tin orbitals (LMTO) local spin density approximation plus U (LSDA+ U) method. This method ac counts for the electronic correlations caused by the on-site Coulomb repulsion between the electrons (the strength of the repulsion is determined by the parameter U). Such correla tions are known to be important for numerous metal-oxide crystalline systems, and for the metal-oxide-based magnetic molecules. In particular, the LSDA+ U method has been suc cessfully used before14,15 for studying the molecular magnet V 15, and produced good agreement with experimental data. Therefore, we expect that the LSDA+ U approach will also be applicable to the similar molecular magnet V 12. In our calculations we used a Stuttgart TB-47 code, and the details of the calculations are described in Refs. 14 and 15.
III. RESULTS AND DISCUSSION
A. Transport properties of V 12
The inset of Fig. 2(a) shows the resistance of V 12(8:4) as a function of temperature under constant voltage conditions (250 V). The resistance increases rapidly with decreasing temperature, exhibiting activated behavior over the 300-270 K range. At 270 K, currents become lower than the threshold of error, restricting our analysis to this temperature range. The 30-40 K temperature window is not wide enough to be able to derive a precise value of the activation energy. However, the activated behavior is clear. An Arrhenius analysis of the accessible regime [(i.e., R =R0exp(-E a/ RT)], shown in the main panel, yields an activation energy of 0.47±0.05 eV.
As shown in the inset of Fig. 2 (b), similar behavior was found at slightly higher temperatures under conditions of constant current. 21, 13 Resistance values are on the order of 1010 f t at room temperature and decrease rapidly upon heat ing. Below 305 K, the resistance of the sample exceeds the voltage limit of the current source and thus the resistance appears to be constant, as indicated by the arrows in Fig.  2(b) . Therefore, under constant current conditions, we are able to characterize the bulk transport V 12(8:4) only at tem peratures above 305 K. Again, V 12(8:4) shows activated be havior from 305 to 330 K, as the resistance rapidly decreases with increasing temperature. Above 305 K, an Arrhenius analysis yields an activation energy of 0.49 eV. The acti vated transport behavior in V 12(8:4) establishes it as a semi conductor with a transport gap 2A = 2 E a=0.96±0.05 eV, as shown in Table I . Figure 3 summarizes the proposed conduction pathway of the two V 12 materials and the V 15 analog, derived from the observation of activated transport combined with a careful analysis of the crystal structures. Based upon the large value of the transport gap, we propose that bulk transport in V 12(8:4) takes place by direct electron transfer between clusters. The small intercluster distances along the (100) axis (2.918 A), coupled with few dipolar molecules or ions to facilitate electrical transport, suggests that conduction elec trons engage in a direct transfer of electron density between V 12(8:4) clusters. This direct mechanism is consistent with the higher resistance seen in V 12(8 :4 )(> 1 0 10 ft) compared to that of a similar polyoxovanadate compound V 15 (109 ft), where although intercluster separations are larger (~3.3 vs 2.918 A), conduction is facilitated by intercluster ions and molecules.13 Other transition metal clusters such as Fe8Br8and Mn12-acetate also display lower resistivity values than V 12(8:4) despite larger intercluster separations, due to the presence of ions or dipolar molecules between adjacent clusters,21 further supporting the direct transfer mechanism in this material.
We were, unfortunately, unable to make resistivity mea surements on V12(6 : 6) because of the lack of sufficiently large single crystals. 25 We can, nevertheless, suggest a pos sible transport pathway based on details of the crystal pack ing, optical measurements, and theoretical calculations. V 12(6 : 6) has a similar number of dipolar molecules and ions as V 12(8:4), but the crystal structures of the two systems are very different. V 12(8:4) is monoclinic7,26 with Z =2, with respect to the clusters; however, six different clusters are involved in the unit cell.7 In the case of V 12(6 : 6 ), the unit cell is triclinic27 with Z = 1, and there is one cluster centered in the unit cell.22 The shortest cluster to cluster distance for V 12(6 : 6) is 3.193 A, with cluster connections beginning with an arsenic and ending at the oxygen of As2O. However, upon consideration of the smaller unit cell volume and the van der Waals distances in V 12(6 : 6), the most plausible con- duction pathway involves counterions rather than direct in tercluster charge transfer. The shortest intermolecular charge transfer pathway has two identical channels. Path 1 origi nates from an axial oxygen on the central vanadium square of the first cluster, goes to NHEt3 (2.380 A), and connects with an equatorial oxygen of a capping square (2.407 A) on the second cluster. Path 2, originating from the first cluster, is identical to path 1, except it is in reverse order, that is, path 2 begins at an equatorial oxygen in the capping square. Charge transfer along these routes roughly occurs through the unit cell vertices, parallel to the cluster's primary axis. These pathways are summarized in Fig. 3 ; they are consid ered to be in accord with the following optical and theoreti cal results.
B. Optical properties
The optical properties of V 12(8:4) and V 12(6 : 6) provide a more local view of the charge degrees of freedom. Figure 4 displays the optical conductivity of the V 12 compounds com pared to that of V 15.16 As with many other polyoxovanadates, all materials are Mott insulators. V 12(8:4) displays a welldefined optical gap at 1.2 eV and a peak at ~1.6 eV, quite different from the broad leading edge of the excitation (and lower maximum) in V^. The electronic structure of V 12(6 : 6) is comparable with V 12(8:4), but the optical gap of V 12(6 : 6) at 0.8 eV and peak at ~1.3 eV is more similar to V 15. The excitations between 1 and 2 eV are charge transfer in nature for mixed-valent V 12(8:4) and V 12(6 : 6), whereas they display d to d character in V 15, especially near the lead ing edge of the band.14,15,18 These excitations originate from the V4+ capping squares in both V12 molecules. While the optical gap should be experimentally determined by extrapo lation of the leading edge of the rising conductivity, the peak marks Ak = 0 transitions and the maximum in the joint density of states. The peak value should thus be compared with theoretical predictions (Table I ). The features above 3 eV in Fig. 4 are assigned as V d^ Op charge transfer excitations. All of these excitations are fairly diffuse, riding on a rising background absorption that reflects the complex and multifaceted density of states of this material. Overall, the measured spectra are in excellent agreement with the calculated electronic structure, as discussed in the next section. These results demonstrate that while the magnetic properties of V 12(8:4) and V 12(6 : 6) are dominated by the central antiferromagnetically coupled square,7,8 the elec tronic structure is governed by the mixed valent caps. In the polyoxovanadates of interest here, the transport gap is slightly less than the optical gap. This typical result is also observed in Mn12 acetate. 19, 21 Fe8Br8 is an important exception.20 Here, the transport gap coincides with the ex trapolated value of the O p to Fe d charge transfer bands in the optical conductivity.
The vibrational properties of V12(8:4), V 12(6 : 6 ), and V 15 are summarized in Table II Analysis of the rattling motion also provides evidence for hydrogen bonding between the encapsulated H2O molecule and the cage in V 12(8:4). The Einstein model is often used to describe rattlers in open framework materials such as clathrates, filled skudderudites, and ß-pyrochlores30 and can be correlated to atomic displacement parameters as Uiso = h 2T / (4w2mkB@E). Here, Uiso=(U), where (U) is the mean square displacement amplitude, ®E is the Einstein tempera ture, kB and h are Boltzmann and Planck constants, m is the reduced mass, and T is the temperature.30, 31 Choi et al. also applied this model to predict the rattling frequency of sodium ions encapsulated in vanadium oxide nanotubes.32 As a con sequence, we anticipate that this model for confined lowfrequency rattling will work well for these chemically simi lar polyoxovanadate clusters. The predicted rattling frequencies for H2O encapsulated by V12(8:4) and V15 are 9.6 meV, for each. For V 12(6 : 6 ), the predicted rattling fre TABLE II. Vibrational mode assignments for V 12(8:4), V 12(6:6), and V^. Many ligand-related features appear at higher energies. V 12(8:4) peak position in meV (cm-1) Polarization V 12(6:6) peak position in meV (cm-1) Polarization quency of formate is 12.2 meV. This compares with ob served values of 13.5 meV (H2O), 12.6 meV (HCO-), and 10.5 meV (H2O) for V 12(8:4), V12(6 : 6), and V 15, respec tively. The large difference between predicted and observed values in V 12(8:4) suggests that motion of the water mol ecule in this material is more restricted. The other values are in good agreement with predictions from this simple rattling model. Clearly, the local distortion and associated hydrogen bonding in V 12(8:4) have subtle but important effects on the intramolecular charge transfer. Rattler/cage mixing effects are of future interest.
C. Theoretical results
LSDA calculations have been performed for both V 12(6 : 6) and V12(8:4), for different values of U. In Figs. 6 and 7, we present the calculated partial densities of states (DOS) of vanadium 3d and oxygen 2p electrons for U =0, 4, 5, and 6 eV, for the compounds V12(6 : 6) and V 12(8:4). For U =0, both compounds exhibit nonzero electron density at the Fermi level, thus demonstrating the importance of the on-site Coulomb repulsion (finite value of U) for adequately describing V 12. For sufficiently large U (4-6 eV), both com pounds exhibit a pronounced gap, and two well-isolated peaks in the V 3d DOS are clearly seen. The origin of these peaks can be understood from Figs. 8 and 9, where the par tial V 3d DOS corresponding to different positions of the vanadium atoms are presented. The two isolated peaks come from the electrons localized on V4+ sites situated in the cen tral square (the lower peak) and in the capping squares (the higher peak). Along with the peaks, the vanadium 3d DOS exhibits broad bands located approximately between -2 and -8 eV. These features correspond to the electrons delocal ized over the molecule, and demonstrate the significant hy bridization between the V d and the O p states. The peaks corresponding to the localized electrons also show some sig nature of the p -d hybridization, but to a much smaller extent.
With increasing the value of the on-site repulsion param eter U, the gap between the occupied and unoccupied states increases, while the shapes of the DOS do not show qualita tive changes. By comparing the values of the gap for differ ent U with the experimental results above, we find that the optimal value of U for V 12(8:4) is 6 eV, while for V 12(6 : 6) the optimal value is 4 eV. Such a noticeable difference is somewhat unexpected, so we performed ab initio theoretical calculations of the parameter U using the constrained LSDA It is interesting to note the similarity between the elec tronic structure of V 12 and previously calculated14,15 elec tronic structure of a similar polyoxovanadate compound V 15. Both DOS and the magnetic moments of vanadium atoms (see Table III ) are similar in these materials. Furthermore, the optimal value of U for V 15 is around 4 eV, as inferred from different experiments (x-ray photoelectron and x-ray fluores cence spectra,15 optical measurements,16 and magnetic sus ceptibility studies14), and the independent theoretical esti mate (from the constrained LSDA calculations) for V15 gives the close value U =3.8 eV. These values are close to U =4 eV obtained for V 12(6 : 6).
In order to understand the difference in U values between V 12(6 : 6) and V 12(8:4), it is useful to compare these com pounds with V 15. The mutual positions of V 3d and O 2p DOS in V 12(6 : 6) and in V 15 are similar, while for V 12(8:4) the oxygen p bands are located slightly deeper. As a result, the p -d hybridization in V 12(8:4) is weaker than in V 12(6 : 6) and V 15. However, the stronger p -d hybridization leads to less localized wave functions, i.e., to the reduced electron density on a given vanadium site, so that the on-site Cou lomb repulsion is reduced, resulting in a smaller value of U. Therefore, V 12(8:4) molecules exhibiting weaker hybridiza tion have a larger value of U than V12(6 : 6) and V15, and, correspondingly, the gap in V 12(8:4) is larger than in V 12(6 : 6 ) and V 15.
IV. CONCLUSION
We report a joint experimental and theoretical investiga tion of the transport gap, optical properties, and electronic structure of two chemically similar, mixed-valent polyoxovanadate molecular magnets and compare our results with those of other vanadium cluster-based materials. Trends be tween these chemically similar materials are consistent, al though the exact value of the gap depends on the nature of the experimental probe and its associated length scale. We attribute the substantial gap in V 12(8:4) to weak p -d hybrid ization and a large on-site Coulomb repulsion (U = 6 eV). The reduced gap in V 12(6 : 6) is associated with a smaller value of U, at least from a molecular point of view, although the transport properties also reflect subtle organization of the molecular structure. Based upon the large value of the gap in V 12(8:4), we propose that bulk transport takes place by di rect electron transfer between clusters along the (100) axis (2.918 A). Direct electron transfer is indicated because there are few dipolar molecules or ions to facilitate the charge transfer between clusters in this system. This mechanism is consistent with the higher resistance seen in V 12(8 :4 )(> 1 0 10 ft) compared to that of V 15 (109 ft), where although intercluster separations are larger (~3.3 A vs 2.918 A), conduction is facilitated by intercluster ions and molecules.13 In V 12(6 : 6), intermolecular charge transfer oc curs via counter ions and is also activated. Efforts are under way to grow large enough single crystals of V12(6 : 6) for charge transport measurements and to assess the mechanism proposed in Table II . A detailed analysis of the vibrational response supports the important role of hydrogen bonding and local molecular distortion in influencing intramolecular charge transport in V 12(8:4) as well.
